Nitrogenase activity was measured in leaves along the main stem axes ofAzolla pianata R. Br. The activity was negligible in leaves of the apical region, rapidly increased to a maximum as leaves matured, and declined in aging leaves. In situ absorption and fluorescence emission spectra were obtained for individual vegetative cells and heterocysts in filaments of the A. pinnata and AzolIa caroliniana endophytes removed from the cavities of progressively older leaves. These spectra unequivocally demonstrate the occurrence of phycobiliproteins in the two cell types of both endophytes at the onset of heterocyst differentiation in filaments from young leaves, during the period of maximal nitrogenase activity in filaments from mature leaves, and in filaments from leaves entering senescence. Phycobiliproteins of the A. caroliniana endophyte were purified and extinction coefficients determined for the phycoerythrocyanin, phycocyanin, and allophycocyanin. The phycobiliprotein content and complement of sequential leaf segments from main stem axes and of vegetative cell and heterocyst preparations were measured in crude extracts. There was no obvious alteration of the phycobiliprotein complement associated with increasing heterocyst frequency of the endophyte in sequential leaf segments and the phycobiliprotein complement of heterocysts was not appreciably different from that of vegetative cells. These findings indicate that the phycobiliprotein complement of the vegetative cell precursor is retained in the heterocysts of the endophyte.
Sporophytes of the heterosporous aquatic ferns in the genus Azolla exhibit floating, multibranched stems bearing deeply bilobed leaves and adventitious roots (14) . A symbiotic, heterocystous cyanobacterium, Anabaena azollae Strasb., which occurs in specialized cavities formed in the fern's aerial dorsal leaf lobes (4, 12, 14) , can provide the associations with their total N requirements via N2 fixation (17, 20) . The leaves along each stem axis represent an ontogenetic sequence of leaf development. The Anabaena filaments in the leaf cavities undergo differentiation and development in parallel with the fern. Undifferentiated Anabaena filaments associated with the stem apices are partitioned into developing leaf cavities where they differentiate heterocysts (14) . In the cavities of mature leaves heterocysts may account for 30% of all Anabaena cells (8, 9) . Nitrogenase activity increases with the increasing heterocyst frequency. Therefore, most analyses of nitrogenase activity associated with progressively older leaves, or groups of leaves, from stem axes ofAzolla caroliniana (10, 19) , Azolla filiculoides (9, 26) , and Azolla pinnata (26) , have revealed negligible activity in the apical segments followed by a rapid increase, a leveling off, and a decline as the leaves senesce. An exception is a report of two distinct maxima of nitrogenase activity, and a suggestion of two separate generations of heterocysts, in A. caroliniana and A. pinnata (1) .
The phycobiliproteins of heterocystous cyanobacteria often are considered to be associated primarily with PSII in vegetative cells and to be absent, or greatly diminished, in the heterocysts since they exhibit only PSI activity (7) . However, PBP3 occur in the heterocysts ofAnabaena variabilis (11, 21) , an Anabaena sp. (32) , and Azolla endophytes (1, 29) . In the A. caroliniana endophyte, which contains PEC, PC, and APC (28) , action spectra have shown that these accessory pigments effectively harvest light energy for both 02 evolution (24) and PSI-linked, nitrogenasecatalyzed acetylene reduction (29) . PBP in A. variabilis heterocysts effectively promote light-dependent nitrogenase activity and sensitize P-700 oxidation (21) .
In this study we determine the profile of nitrogenase activity in progressively older leaves of A. pinnata and compare the in situ PBP and Chl absorption, and PBP fluorescence, ofindividual vegetative cells and heterocysts in filaments of the A. pinnata and A. caroliniana endophytes removed from separate and progressively older leaf cavities. This is followed by a more detailed analysis of the A. caroliniana symbiosis. The total PBP and complement of PEC, PC, and APC are determined for endophyte filaments in progressively older leaves in an effort to assess any alteration that might be attributed to increasing heterocyst frequencies. This is complemented by similar analyses on vegetative cell and heterocyst fractions obtained from endophyte preparations encompassing all developmental stages. (17) . Isolation and initial purification of PBP were based on previously described procedures (28, 29) . Absorption spectra were obtained with a Cary 11 8C spectrophotometer. The absorption maxima of PEC, PC, and APC in 2.5 mm sodium phosphate buffer (pH 7.0) occurred at 572, 612, and 647 nm, respectively. Absorption at each of these wavelengths was used along with protein concentrations to determine extinction coefficients for the individual phycobiliproteins (Table I) . Equations for calculating the PBP concentration in crude extracts were derived by combining the extinction coefficients with three simultaneous equations (Table  I) caroliniana by grinding fronds in N-free BG-11 medium (27) containing 1% PVP-40 (w/v), 7 ml/g fresh weight, for 60 s in a cooled, motor-driven, Teflon homogenizer. The homogenized material was sequentially passed through four and then eight layers of cheesecloth and a 100 gm nylon mesh filter, rinsing with grinding medium. The filtrate was centrifuged at full speed in a clinical centrifuge for 20 s and the supernatant decanted. The endophyte pellets were suspended in N-free BG-11 medium without PVP and centrifuged again. After decanting the supernatant, the endophyte filaments in the pellets were suspended in 4 to 5 ml of 2.5 mm sodium phosphate buffer (pH 7.0). Due to the heterogeneity of cell size in endophyte filaments (19) , the approach originally described by Fay and Walsby (5) and used in a previous study (17) was found more suitable for obtaining a heterocyst fraction from the endophyte than more recent procedures (22) . The resuspended pellets were passed twice through an Aminco French pressure cell at 2000 p.s.i. and centrifuged for 30 s in a clinical centrifuge. The supernatants, comprised of disrupted vegetative cells, were decanted and centrifuged at 80,000g for 1 h. The pellets, which were estimated to contain about 85 to 90% heterocysts, 10 to 15% akinetes, and no more than 1% vegetative cells on the basis of phase contrast microscopy, were resuspended in buffer and subjected to two passes through the pressure cell at 20,000 p.s.i. and centrifugation at 80,000g for 1 h. Absorption spectra of the extracts were recorded with a Cary 11 8C spectrophotometer. The total PBP and the complement of PEC, PC, and APC in the vegetative cell and heterocyst enriched fractions were determined as described above.
MATERIALS AND METHODS
Other Determinations. For measuring nitrogenase activity as a function ofleafage, main stem axes ofA. pinnata were prepared as described previously for A. caroliniana (10) . Analyses were conducted using both individual leaves and pairs of leaves sequentially dissected from the axes beginning with the apical segment. Triplicate samples of single leaves, and pooled leafpairs of the same developmental stage, were placed in 1 ml vials containing 0.25 ml of N-free growth medium (20) and allowed to equilibrate at 25°C in the light, 200 ,E.m-2-ss', for 90 min.
The vials were sealed with crimp-caps, evacuated, flushed and filled to a slightly positive pressure with 10% C2H2 in Ar. After 45 min ofincubation under the conditions used for equilibration, 0.25 ml of the gas phase was removed from each vial for analysis in a Gow-Mac 750 gas chromatograph with other conditions as described previously (I18). Chl was measured after extraction with 95% ethanol (30) .
RESULTS
Profile of Nitrogenase Activity in Azolla pinnata. Analysis of light dependent nitrogenase-catalyzed acetylene reduction in in-Plant Physiol. Vol. 80, 1986 dividual leaves, and in pairs ofleaves, sequentially dissected from main stem axes of A. pinnata resulted in the profiles shown in Figure 1 . Whether expressed on a per leaf basis (Fig. lA) or on the basis of fresh weight or Chl from pooled leaf pairs (Fig. IB) , the profiles concur with those reported for this (26) and two other Azolla species (9, 10, 19, 26) . Low activity in the apical region was followed by a rapid increase, a leveling, and a decline with senescence. There was no indication of two distinct peaks of nitrogenase activity (1) .
Absorption and Fluorescence Emission Spectra of Individual Vegetative Cells and Heterocysts. As with the A. caroliniana endophyte (29) The Chl absorption of both cell types of the A. caroliniana endophyte (Fig. 3 , A-H) increased with leaf age and neither cell type consistently exhibited a higher value. In the A. pinnata endophyte (Fig. 2 , A-J) Chl absorption was consistently greater in heterocysts than in vegetative cells and only the heterocysts exhibited a trend toward increasing Chl absorption as a function of leaf age. This is clearly seen in Table II where the scatter at 750 nm has been subtracted from the absorbance of the Chl maximum and the absorbance values of the individual cell types normalized to that of leaf 1. (Fig. 3, A, C , E, and G), but is relatively constant in vegetative cells of the A. pinnata endophyte (Fig. 2, A, C, E, G, and I) and the heterocysts of both (Fig. 2 , B, D, F, H, and J; Fig. 3 (Fig. 2G) , the emission at 625 nm was as intense as that at 650 nm. Its heterocysts (Fig. 2, B, D, F (Fig. 3, A, C (Fig. 3, B, D leaf segments were determined. The results of these analyses are compared to one another, and to data obtained from undissected main stem axes and entire fronds, in Figure 4 . Based on prior morphological studies (3, 4, 14) and the absorption spectra shown in Figure 3 , the increase in the total PBP with leafage is attributed primarily to an increase in endophyte biomass in the first two segments and an actual increase in the PBP content of the endophyte's vegetative cells in the older two segments. When expressed as a percentage of the total PBP content, the distribution of PEC, PC, and APC in main stem axes was very similar to the combined averages ofall segments and compared favorably with the distribution obtained for the entire fronds (Table III) . The absence of any distinct pattern of alteration in the PBP complement of progressively older leaves on segments of the main stem axis (Table III) indicated that either there was no appreciable difference in the PBP complement of vegetative cells and heterocysts or that the increasing PBP content of the vegetative cells in progressively older leaves (Fig. 3, A, C (Table IV) . While suggestive of a subtle alteration of the PBP complement in heterocysts relative to vegetative cells, we cannot exclude the possibility that such a modest difference is a consequence of the akinetes associated with the heterocyst preparations of the endophyte. DISCUSSION Our analysis of nitrogenase activity along the ontogenetic sequence of leaf development in A. pinnata R. Br. yielded a profile consistent with studies (9, 10, 19, 26) in which this activity was low or negligible in the apical region, increased to a maximum in mature leaves, and declined in aging leaves. Heterocyst differentiation begins as filaments of the undifferentiated apical Anabaena colony are partitioned into the developing leafcavities (14) . These specialized cells are functional for a limited period with the most rapid rates of nitrogen fixation occurring shortly after their differentiation is completed. Since heterocyst frequency increases in leaves exhibiting increasing nitrogenase activity and then stabilizes, or increases only very modestly, in mature leaves (8) , it follows that the heterocysts in mature cavities are of varying age and functional activity. The decline in nitrogenase activity as the leaves age reflects, at least in part, the MI i Sol sequential senescence of individual heterocysts in the order of Axes Plants their prior differentiation. This interpretation of events is conid complement of phy-sistent with the findings in a recent study of the ultrastructural allophycocyanin (APC) ontogeny of the leaf cavity trichomes and our current underintact main stem axes; standing of this symbiosis (3, 14) . is based on three to five A prior study showed that the energy absorbed by PBP effec-D. (20) .
In contrast to free-living cyanobacteria (7, 31, 32) , N starvation and PBP degradation do not appear to be associated with the transition from purely vegetative to heterocystous filaments in the Azolla-Anabaena symbiosis. This difference may be attributed to the interaction of host-endophyte nitrogen and carbon metabolism in this tightly coordinated and highly orchestrated symbiosis in which the endophyte is never in direct contact with the external environment and its nutritional status is controlled by the fern (14, 15) . Nitrogen fixed by the endophyte in mature cavities is released and transported to the growing apices which harbor actively dividing, undifferentiated Anabaena filaments (10, 16) . These filaments are intimately associated with specialized epidermal trichomes (4) which facilitate the partitioning of the apical colony into developing leaf cavities and, based on indirect evidence, are assumed to provide the interface through which this apical colony receives nutrients, including combined N, from the fern (3, 14) . In mature leaf cavities the fern provides the endophyte with photosynthate (16) possibly via a second distinct population of epidermal trichomes (3, 4 (32) . The former, which are more active on phycocyanin and phycoerythrin than on allophycocyanin and require continuous protein synthesis (7, 31) , would degrade entire phycobilisomes but be most active on the rod components (6) . The latter would be specific for the components of the phycobilisome core (6), thereby causing a loss of allophycocyanin and allophycocyanin B during heterocyst differentiation from biliprotein-rich vegetative cell precursors (32) . Since our analysis indicated that PC accounted for a slightly greater, and APC for a slightly lesser, percentage of the total PBP in heterocysts than in vegetative cells, we cannot exclude the possibility that some differentiation protease activity occurs in the A. caroliniana endophyte. However, some of the akinetes, which invariably occur in older leaf cavities of A. caroliniana (19) , were found to contain phycobilin using epifluorescence microscopy and akinetes accounted for 10 to 15% of the total cells in each of our heterocyst preparations. This precludes our attributing undue significance to the small differences in the complement of PEC, PC, and APC in the vegetative cell and heterocysts. Clearly, any alteration of the complement in the endophyte heterocysts is much less dramatic than in those free-living Anabeana whose heterocysts contain PC but very little or no APC (21, 32) . Due to the foregoing, the possibility that differences in the fluorescence emission spectra of the A. caroliniana endophyte's vegetative cells and heterocysts may result from subtle alterations in their PBP complement cannot be excluded. Levels of allophycocyanin B were not determined in the present study but they could be a contributing factor to the differences in the fluorescence emission spectra of the two cell types. It is also possible that the differences reflect events associated with the turnover of PSII components and the rearrangement of the photosynthetic apparatus in heterocysts. Yamanaka and Glazer (32) have speculated that a 20 K polypeptide component of the heterocyst phycobiliprotein particle may function in the attachment of heterocyst PBP particles to the photosynthetic lamellae during such rearrangement.
The results presented here and in other recent studies (21, 32 ) strongly suggest that the heterocysts of at least some cyanobacteria constitute an exception to the strict structural-functional association between phycobilisomes and the PSII complex so convincingly demonstrated in the unicellular Synechococcus (13) . The retention of a full complement of PBP in heterocysts of the endophytes is consistent with their ability to actively participate in light-harvesting for the PSI-linked process of nitrogen fixation (29) . The occurrence of PBP in heterocysts of freeliving Anabaena may have ecological importance by making more effective use of available light. Their occurrence in heterocysts of the Azolla endophytes is assumed to serve a similar function since Azolla attenuates the light which reaches Anabaena in the leafcavities. It has been asserted that the occurrence of PBP in heterocysts of Azolla endophytes implies a less favorable environment for nitrogenase (1) . We would argue, however, that PBP associated with PSI in the heterocysts of an organism whose principle function is photosynthetically driven ammonia production, but resides within the confines of a green leaf, is a reasonable adaptation which may well confer benefits to the productivity of the associations.
